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SUMMARY

An experimental investigation is in progress to dater-ine whether
the 0.4 per cent. by weight of sulfur allowed in JP-5 fuel is a safe level
for the protection of turbine-blade alloys used in high-performance engines.

Specimens of an aluminum-diffusion coated nickel-base alloy (Misco
MDC-l coated Mar M-200) were exposed to vitiated air from the Phillips
2-inch combustor (60 air-fuel ratio) at high pressure (15 atmospheres),
high velocity (745 ft/sec), and high temperature (2000 F) with 5-hour
sampling periods and test durations of uD to 55-hours. Tests were conducted
at all combinations of three levels of sulfur in fuel ( <0.0040, 0.040 and
0.40 weight per cent) with two levels of sea salt in air (zero and 1.0 ppm).
The use of specimen weight-loss as a measure of hot-corrosion attack was
validated by metallographic examination which showed the absence of deep
intercrystalline attack.

Exponential equations of weight-loss with time have been developed
and statistically-significant effects have been identified by Covariance
Analysis at a 95 per cent confidence level. In all comparisons the removal
of sea salt from air significantly decreased the relative rate of corrosion
and the level of attack; thus, indicating sea salt to be a primary-causative
agent of hot corrosion. The effect of sulfur in fuel varied with the presence
or absence of sea salt. In the absence of sea salt in air a reduction of
sulfur in fuel from the present limit to either 0.040 or <0.0040 weight per
cent had no significant effect on the relative rate of corrosion but decreased
the level of attack; however, the level of attack in all cases was only
slightly greater than cleaning losses for unexposed specimens and may be
of little practical significance. In the presence of 1.0 ppm sea salt in air
a reduction in fuel sulfur from the present limit to either 0.040 or <0.0040
weight per cent had no significant effect on the relative rate of corrosion
or the level of attack. Variability of weight-loss data with this coating-
Llloy system was greater than with other systems evaluated and reference
speclLens indicated that either the coating-alley system or this sample of the
coating-alloy system is unstable.
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Naval Air Systems Command Contract N00019-67-C-0275

EFFEWT OF SULFUR IN JP-5 FUEL ON HOT CORROSION OF COATED SUPFEALLOYS

IN MARINE F.VRONMENT

1. INTRODUCTION

The corrosion of hot-section parts in modern aircraft-turbine
engines is one of the factors that determines the time before overhaul. With
operatica in a marine env-ronment it becomes a major factor in limiting engine
life. Various terms have been used to identify this accelerated attack on
the superalloys from which hot-section parts are fabricated. We favor the
term "hot corrosion" and will use it in this report to indicate the attack
by sea salt on superalloys at high temperature.

Considerable metal loss can be sustained by hot-section parts
before failure because hot corrosion advances on a broad front. The attack
is led by penetration of randomly dispersed lignt-grey globules of metallic
sulfide. The formation of these sulfides is associated with changes, character-
ized by chromium depletion, in the surface romposition of the alloy. Rapid
oxidation of the weakened layer of tne alloy follows. Because of the prominent
band o- precipitated sulf-oiv, preceding surface oxidation, hot corrosion is
frequentiy iuiziLifiec as "su':fidation". This has focused attention on th3
sulfur content of the fuel as being the principal ýausative agent of hot
corrosion. If so, hot corrosion could be controlled by fuel specification.
More restrictive limitations on the amount of sulfur allowed in aviation-
turbine fuels have been proposed for this purpose, particularly for naval
operations.

Most specifications for avlation-turbine fuel allow a sulfur content
of 0.40 weight per cent. A significant reduction in the sulfur limit would
certainly decrease the amount of available fuel, Also, a more restrictive
specification carries with it the potential of higher con'. and a modest in-
crease can amount to a substantial s,= because of the large volume involved.
Therefore, proposals to lower the sulfur content of aviation-turbine fuel
must be approached with zaution

Many investiga'tors feel that deposition of sodium sulfate on the
metal surface is a normal pre-ursor t-, hc)t rrem. Some hdve reasoned that
sodium from sea salt and sulfur from fuel forbr-me tt or- The objectionable
sodium sulfate. However, compounds o'her "ar. odu• chlor:de are present in
sea salt. Sea salt contains ii per :ent by welgnt of sodium sulfate. Control
of hot corrosion ';y reducing s-Ifur :'n fu-" to remove one of the critical
ingredients from the salt-sulfur combinat'orn ignoresý the sulfur in sea salt.
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For clarification, the Naval Air Systems Command has supported our
work to determine whether the maximum sulfur content of 0.40 weight per cent,
currently allowed in grade JP-5 aviation-turbine fuel, is a safe level for
protection of turbine alloys in high perfrrmance engines when operated WiA a
marine environment.

In previous studies, reported in detail by Schirmer and Quigg (1),
we attempted to simulate the environment in the turbine section of an air-
craft engine with respect to temperature, velocity, pressure, and stoichio-
metry by use of a high-pressure test facility, originally developed for
evaluating the combustion characteristics of aviation-turbine fuel s. The
test programs included the effect of three levels of sulfur in fuel on hot
corrosion of six superalloys, one of which was aluminum coated, at five
levels of temperature and three levels of sea salt in air. The five hours
of test duration used was sufficient for extensive corrosion of all of the un-
coated superalloys under some conditions. It was concluded that an order-of-
magnitude reduction (0.40 to 0.040 weight per cent) in sulfur content would
not decrease hot corrosion, and no change in fuel specification was indicated.
The aluminum-diffusion coating (Misco MDC-l) on Inconel 713C resulted in a
material immune to attack under the conditions of exposure used during this
investigation; therefore, no measure of the effect of sulfur in fuel on the
hot corrosion of a coated superalloy was obtained.

Coating of superalloys is one method which has been demonstrated
to reduce attack by sea salt. In previous studies, reported in detail by
Quigg and Schirmer (2), we attempted to measure the effect of sulfur in fuel
on hot corrosion and the extent of protection afforded by coatings by extend-
ing the duration of exposure of specimens to cover a range from 5 up to 55
hours. The progrems included one superalloy (Inconel 713C) and two different
coating-alloy systems (Misco M)C-I and Misco WX-9 on Inconel 713C). In these
programr tz::•ee levels of sulfur in fuel ( < 0.0040, 0.040, and 0.40 weight per
cent) and two l-vels of sea salt in air (zero and 1.0 ppm) were used with
exposure at the 20u F c3nditions. In additicn, tests were conducted with
10.0 ppm sea salt In air at three levels of sulfur in fuel ( < 0.0040, 0.40
And 4.0 weight per cent), with one of the coated superalloys. Exponential
equations of weight loss with time were develcped which permitted evaluating
the effects of sulfur in fue' and s3a salt in air. These studies showed one
case where a reduction of sulfur in fuel from the present limit to 0.040
weight per cent significantly decreased hot corrosion of a coated superalloy,
and another case where attack was si&- ficantly increased. This indicated that
our previous recoimendation based upon a atudy of bare superalloys, could be
extende. to c superalloys; however, additional data are required with
other coating-superalloy systems and other exposure temperatures before making
a final recommendation as to the level of fuel sulfur for protection of super-
alloys in a marine environment.

2
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The purpose of our current investigation is to examine an,-
coating-superalloy system at the 2000 F conditions as to the effect of sulfur
in fuel on hot corrosion in a marine environment. In previous studies with
bare alloys (1) it was found that while a decrease in sulfur content in fuel
from 0.40 to 0.04G weight per cent did not decrease metal loss, in the presence
of 10.0 ppm sea sdlt in air,metal loss actually increased with a decre&se in
fuel sulfur with some superalloys. Mar M-200 was one of the superalloys that
showed an inverse effect of decreasing fuel sulfur content on metal loss and
it has been chosen as the base alloy for the current investiga tion. Miscc
?DC-I coating, one of the coatings used in previous studies (2j, was selecte'I
as the coating for the current investigation. Three levels of sulfur in fuel
(,C 0.0040, 0.04, and 0.40 weight per cent) and two levels of sea salt in air
(zero and 1.0 ppm) are included in the program, with exposure at the 2000 F
conditions used in previous studies. Test specimens were removed at five hour
intervals during 55-hour tests to provide a series of specimens for each
combination of sulfur in fuel and sea salt in air. In addition tests have
been completed at two levels of sulfur in fuel with 1.0 ppm sea salt in air
with three specimens exposed at each of three periods of exposure (15, 30,
and 45 hours) to provide a measure of experimental error. An analysis of these
data is presented in this report.

3
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2. CONCLUSIONS

Experiments have been conducted, using a high-pressure burner rig,
to evaluate the effect of sulfur in JP fuel on the hot corrosion of coat
turbine-blade materials. The durability of a coating-alloy system had been
investigated at a 2000 F test condition, which siwmlates exposure in a high-
performance engine when operated in a marine environment. Also, for refer-
ence purposes, data have been obtained in the absence of sea salt.

The use of weight loss by test specimens as a measure of hot-
corrosion attack was validated by metallographic examination, which showed
corrosion advancing on a broad front w:.thout deep intercrystalline penetration.
Electro-cleaning in a hot-caustic bath was used to remove accumulated metal-
oxidation products and sea-salt residup-s from the specimens.

Exponential equations and Covir!ance Analysis were used to permit
evaluation of the effects of three levo..s of sulfur in fuel (<0.0040, 0.040,
and 0.40 weight per cent) and two level! of sea salt in air (zero and 1.0 ppm).
The following conclusions can be drawn at a 95 per cent confidence level.

A. In all comparisons, the iemoval of sea salt from air
significantly decreaied the relative rate of corrosion and
the level of attack; thus indicating sea salt in air to be
a primary-causative agent in the hot corrosion of coated
superalloys in a marine environment.

B. In the absence of sea salt in air, a reduction of sulfur in
fuel from 0.40 to either 0 040 or <O.0C40 weight per cent:
(a) had no significant effect on the relative rate of corrosion
(b) significantly reduced the level of hot ccrrosion attack.

C. In the presence of 1.0 ppm sea salt in air, a reduction cf
sulfur in fuel from 0.40 to 0.040 or < J.-040 weight par cent
had no significant effect on the relative rate of corrosion or
thi level of attack.

While statistically s!gnificant. differences were found in the level
of hot corrosion on the Misco MDC-l coated Mar M-20-, specimens tne level of
attack was very low with all t1'.ree conctrntrations of sulfur in fuel, being
only slightly higher thaii leaning loss for new unexposed specimens and may
not represent a nractical loss.

Variability of weight-loss for Misc.o MDC-i coated Mar M-200 test
specimens .in this program was greater than :n programs with other coating-
alloy systems which indicates that either the coating-alloy system or this
sample from the system is less stable than other coatlng-alloy systems
evaluated.
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3. RBOMMiDATIONS

The primary objective of this investigation is to determine
whether the 0.4 weiaht per cent sulfur currently allowed in grade JP-5 fuel
is a safe level for the protection of turbine blades in aircraft engines of
advanced design.

Programs have been completed which allowed an evaluation of the
effect of sulfur concentratLon in fuel on the durability of bare superali,:->s
(1). It was concluded that a reduction in sul.fur content by an order of
magnitude, to 0.04 weight per cent, would no'. reduce hot corrosion signifi'>-
antly. Therefore, it was recommended that no cnange in the sulfur limit for
JP-5 be made to alle~viate hot-corrosion attack on turbine blades.

The recommendation was tempered by another to extend this inveati-
gation to evaluate the effect of fuel sulfur on the protection afforded by
coatings. Those data were sought because superalloys having the most desir-
able physical properties are more susceptible to hot corrosion and ;-ýquire
coatings for satisfactory durability,

Programs have been completea whl:h allowed an evaluation of the
effect of sulfur concentrations in fuel on the durability of two coating-
alloy systems (2). These two systems were composed of two iifferent coatings
on the same base superalloy, Our analysis cf the data showed one case where
a reduction of 3ulftIfr in fuel from tis present limit to 0.04 weight per cent
significantly decreased hot corrosion and another case where attack was
significantly increased. In the current program, the investigation was
extended to include another coating-alloy system composed of or- .f the coat-
ings from the previous investization and another ba3e superalloy. it was
found that a reduction in fuel s-lfur from tne current specification maximum
to 0.04 weight per cent significantly redfaced the level of corrosion in one
case and had no effect in another This indicated that our previous recommend-
ation based upon a study of bare superal.oys, can be extrended to coated super-
alloys.

It is emphasized that adidtional ciata are required wAth other coat-
ing-superalloy systems ind other exposure temperatures before making a final
recommendation.
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4. RESULTS AND DISCUSSION

Thic experimental investigation was designed to permit comparisons
showing the effect of sulfur concentration in JP-5 f'uel on the hot corrosion
of a coated superalloy in a marine environment. To characterize the princi-
pal levels of interest, data were obtained with three concentrations of
sulfur in the fuel (0.40, 0.040, and <0.0040 weight per cent), representing
specification maximuim, production median, and essentially sulfur-free fuels.
A marine environment was simulated by the addition of sea salt to the air
(1.0 ppm). Test specimens used were Misco MDC-l coated Mar M-200. Misco
NDC-I coating is rich in aluminum and is applied by a pack-diffusion process.

In previous studies (1) aluminum coated specimers (Misco MDC-l on
Inconel 713C) were immune to attack under all combinations of temperature,
sulfur in fuel, and sea salt in air with the standard 5-hour test duration.
In further studies (2) experiments were designed to stress the coating to
failure by extending test duration and, thereby, permit evaluating the
effect of sulfur in fuel on the durability of costed superalloys. Using
a 1-hour cyclic procedure, test specimens were removed, with replacement,
at 5-hour intervals to obtain a series of specimens with exposures of up to
55 hours duration.

To simulate the environment in the turbine section of an aircraft
engine, a cascade holder supporting six test specimens was mounted in the
exhaust section of Phillips 2-inch combustor. The facility was operated to
obtain exposure of the test specimens at high pressure (15 atmosphores), high
temperature (2000 F), high velocity (745 feet per second), and realistic
stoichiometry (60 air-fuel ratio).

Further details concerning the test equipment, test materials, and
test program are presented in Appendices 1, 2, and 3, respectively, which
are Sections 8, 9, and 10 of this report.

There is no generaily-accepted crlterlcnr at the present time for
determining the effertive life of a coatzig or. a superalloy. Evaiuationb
have been based on weight loss by ipecumens, vinua2 appearance of apecimens,
and combinations of both.

Whitfield and Parzucnowski (3) established a weight loss of U.100
grams as the criteria for failure of coated 5pecmens. Using dimensions of
the corrosion bars given by Danek (4), the surface area of their specimens
is calculated to be 20.UC =m2 . From these figures we -alculated the criteria
for failure of the coating to be 5.0 rý&/=c2-

In Reference 2 a visual rating system was .sed for rating the
appearance of coated test speczmens. it was found :.nat :oatl.ngs were pone-
trated on specimens showing "Lig:ht Surface Attack" cr "Light Edge Attack".
A weight loss of 5 ag/cm' was 4n the range of weg.gnt losses obtaine, for
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visual ratings of "Lightw and it was concluded that 5 mg/cm2 rapraeents a
reasonable criteria for coating failure.

In this report weight loss, visual ratings and metallographic
examination of test specimens will be usid to evaluate the effect of sulfur
in fuel and sea salt in air on hot corrosion.

4.1. Visual Ratin s

Visual ratings of each Misco MDC-l coated Mar X-2WO test specimen
are shown in Tables 1 and 2. Using the arbitrary merit values assigned to
the visual ratings, described in Appendix 1 (Table 7), a plot of logarithms
of visual ratings vs lograithms of the weight losses per unit area was made
for the Misco MDC-l coated Mar M-200 specimens, and is Wincvwn in Figure 1.
As with the data for the two coating-alloy systems shown in Reference 2, the
visual ratings decreased as weight loss increased and 5 mg/cM2 is in. the
range of weight losses for a visual rating of "Light".

To further illustrate the effect on appearance of the exposure
variables in this investigation, photomacrographs (2X magnification) of
a representative set of Misco PDC-l coated Mar M-20Cy specimens art presented
in Figure 2. It will be noted that following exposure for 45 hours at the
2000 F test condition the specimens show little or no visible evidence of
attack in the absence of sea salt, regardless of sulfur concentration. With
the addition of sea salt to une environment, hot corrosion is evident; but,
as before, sulfur concentration had no visible effect on the intensity of
attack. Also, it should be noted that hot corrosion is not uniform across
the face of the specimens, indicating that the attack by corrosive agents
more easily penetrated the coating in some areas on the specimens. This
forecasts a large experimental error with this coating-alloy system and
suggests a lack of uniformity in the coating; both of which were found as
discussed in subsequent sections of this report concerning the weight-loss
data 4cnd metallography, respectively.

The visual rating is a subjective valu-, while weight loss is a
paysical measurement that c-houd be ansociated w,_th a smaller error.
Visual ratings group the data at only five levels while the ase of weight
loss does nct require the grouping of data. For these rasons. and in the
light of metallographic examination which established the mode of attack and
will be discussed later, it was decided that weight loss measurements would
be used in evaluating ths effects of sulfur in fuel and sea salt n air on
hot corrosion.

4.2. Wqixht-145s Data

In previous studies (1) of weight loss frLm hot corrosion, using
a 5-hour test, an estizato uf the variance wcs founl -c :e a percentage of
tna value, and logarithms o: weight loss per unit area were used to provide
a basis of uniform variance. The standard deviaticn of the weight-2,ss data
in terms cf logarithms (1) was -.-V8, wnich is equivalent to a percentage
standard deviation of 94 per cent.
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visual ratings of 'Light" and it was concluded that 5 mg/cm2 represents a
reasonablo criteria for coating failure.

In this report weight loss, visual ratings and metallographic
examination of test specimens will be used to evaluate the effect of sulfur
in fuel and sea salt in air on hot corrosion.

4.1. Visual Ratings

Visual ratings of each Misco NDC-I coated Mar M-200 test specimen
are shown in T,.oles 1 and 2. Using the arbitrary merit values assigned to
the visual rauings, dic: ibed in Appendix 1 (Table 7), a plot of logarithms
of visual ratings vs lograithms of the weight losses per unit area was made
for tne Misco 1IDC- ý;oated Mar M-200 specimens, and is shown in Figure 1.
As with the data for the two coating-alloy systems shown in Reference 2, the
visual ratings decreased as weight loss increased and 5 mg/cm2 is in the
range of weight losses for a visual rating of "Light".

To further illustrate the effect on appearance of the exposure
variables in this investigation, photomacrographs (2X magnification) of
a representative set of Misco MDC-1 coated Mar M-200 specimens are presented
in Figure 2. It will be noted that following exposure for 45 hours at the
2000 F test condition the specimens show little or no visiole evidence of
attack in the absence of sea salt, regardless of sulfur ccncentration. With
the addition of sea salt to the environment, hot corrosion is evident; but,
as before, sulýNir concentration had no visible effect on the intensity of
attack. Also, 4t should be noted that hot corrosion is not uniform across
the face of the specimens, indicating that the attack by corrosive agents
more easily penetrated the coating in some areas on the specimens. This
forecasts a large experimental error with this coating-alloy system and
suggests a lack of uniformity in the coatnig; both of which were found as
discussed in subsequent sections of this eport concerning the weight-loss
data and metallography, respectively,

The visual rating is a subjective value, while weight loss is a
physical measurement that should be associated with a smaller error,
Visual ratings group the data at only five levels while th . use of weight
loss does not require the grouping of data. For these reasons, and in the
light of metallographic examination which established the mode of attack and
will be discussed later, it was decided that weight loss measurements would
be used in evaluating the effects of sulfur in fuel and sea salt in air on
hot corrosion.

4.2. Weight-Loss Data

In previous studies (1) of weight loss from hot corrosion, using
a 5-hour test, an estimnatq of the variance was found to be a percentage of
the value, and logarithms of weight loss per unit area were used to provide
a basis -f uniform variar-o. The standard deviation of the weight-loss data
in terms of logarithms (i) was 0.288, which is equivalent to a percentage
standard deviation of 94 per cent,

7
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WEIGHT-LOSS DATA AND VISUAL RATINGS FOR MISCO MDC-l COATED MAR M-200(Zero Sea Salt in Air)

Total
Sulfur Test (a) Exposure Test Specilmen

Test in Fuel, Specimen Time, Weight Los_ Visual
Num . wt % Number hours- MIR m/cmý (b) Rating

<0.0040 2 5 42.4 2.09 VLS
<O-0040 3 10 31.6 1.56 N
<0-0040 6 15 44.3 2.18 VLS
<0040 1 20 47.5 2.34 N
<O.0040 4 25 48.1 2.37 N
<0.0040 44 30 38.8 1.91 N
<0.0040 1A 35 42.0 2.07 N
<0.0040 A 40 50.5 2.49 N
<0.0040 3A 45 89.9 4.4 VLS
<0.0040 2A 50 50.7 2.50 N
<O-0040 5 55 43.8 2.16 N

4 0.040 2 5 43.1 2.13 N
0.040 3 10 44°3 2.18 N
0.040 6 15 45.7 2.25 N
0.040 1 20 97.5 4.81 VUS
0.040 4 25 37.5 1.85 N
0.040 4A 30 73.5 3.63 N
0.040 14 35 42.1 2.08 N
0.040 6A 40 80.9 3.99 LS
0.040 3A 45 57.0 2.81 N
0.040 ý,i 50 62t3 3.09 VUS
0.040 55 51.3 2o53 N

3 .1ý0 2 5 44.1 2.18 N
0.40 3 1C 49.5 2.44 N
0.40 6 15 44.0 2.17 VIS
0.40 1 20 134.2 6.62 ViS
0.40 4 25 88.1 4.35 VLS
o.40 4A 30 78.2 3.86 ViS
0.40 !A 35 82.5 4.07 VLQ
0.40 6A 40 116.2 5.73 VLS
0.40 3A 45 63.7 4.13 N
0.40 2A 50 210.7 10.39 MS
0.40 5 55 59.7 2.94 VLS

(a) Test specimen number indicates position in cascade holder. A letter
following the position number indicates a replacement test specimen,
following removal of the initial test specimen.

(b) Mg times 0.049333 = mg/cm2

(c) See Table 3 for rating system.

8



Research Division Report 4793-67R

TABLE 2

WEIGHT-LOSS DATA AND VISUAL RATINGS FOR MISCO MDC-l COATED !M M-20
(1.0 ppm Sea Salt inAir)

Total
Sulfur Test (a) Exposure Test Specimen

Test in Fuel, Specimen Time, Weight Loss_ Visual
Number wt % Number hours MR mcm" Rating (sc

2 <0.0040 2 5 74.9 3.70 VLS
<0.0040 3 10 98.7 4.87 *as
<0.0040 6 15 153.0 7.55 LS

1.0.0040 1 20 114.2 5.63 VLS
0.0040 4 25 1246 5 61.49 HS

<o.0040 4A 30 98.4 4.85 LE
<0.0040 IA 35 985.0 I8.59 HS
<0.0040 6A 40 4725.1 233.10 HS
<0.0040 3A 45 305.6 15.08 MS
<0.0040 2A 50 1342.8 66.24 HS
<0.0040 5 55 4972.7 245.32 HS

2A <0.0040 2 15 578.9 28.56 LS
<0.0040 6 15 84.1 4.15 VLS
<0.0040 3A 15 78.4 3.87 N
<0.0040 3 30 69.9 3.45 VLS
<0.0040 2A 30 61.3 3.02 VIS
<0.0040 6A 30 265.1 13.08 ViS & LE
<0.0040 1 45 3155.4 155.66 HS
<0,0040 4 45 1771.5 87.39 HS
CO.0040 5 45 3479.7 171.66 HS

6 0.040 2 5 43.7 2.16 N
0.040 3 10 95.9 4.73 VLS
0.040 6 15 68.7 3.39 ViS
0.040 1 20 67.0 3.30 VLS
0.040 4 25 234.7 11.58 MS
0.040 4A 30 118.6 5.85 LE
0.040 IA 35 4043.8 199,49 HS
0.040 6A 40 72.9 3.60 VLS
0-C40 3A 45 7536.1 371.78 HS
0.040 2A 50 2259.8 111.48 HS
0.040 5 55 4047.2 199.66 HS

(t) Test specimen number indicates position in cascade hclder. A letter
following the position number indicates a replacement test spe:!imen,
following removal of the initial test specimen.

(b) Mg times 0.049333 a mg/cm2.

(c) See Table 3 for rating system.

9
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TABLE 2 (Continued)

Total
Sulfur Test (a) Exposure Test Specimen

Test in Fuel, Specimen Time, Weight Lose, Visual
hubber MI % Number hours matcm mt (c)

0.40 2 5 44.9 2.22 N
0.40 3 10 56.5 2.79 N
0.40 6 15 65.4 3.23 N
0.40 1 20 106.6 5.26 iS
0.40 4 25 110.1 5.43 LS
0.40 2A 25 1972.5 97.31 "S
0.40 2B 25 148.7 7.34 LE
0.40 4A 30 317.1 15.64 to
0.40 11 35 80.7 3.98 VLS
0.40 6A 40 118.9 5.87 LE
0.40 3A 45 87.8 4.33 VLS
0.40 5 55 98.7 4.87 N

1A 0.40 2 15 90.8 4.48 WIS
0.40 6 15 69.9 3.45 N
0.40 3A 15 278.2 13.72 LS
0.40 3 30 313.7 15.48 MS
0.40 2A 30 2916.7 143.89 HS
0.40 6A 30 1572.4 77.57 HS
0.40 1 45 5322.1 262.56 HS
0.40 4 45 6351.7 313-35 HS
0.40 5 45 3188.4 157,29 HS

1B 0.40 2 15 275.2 13 58 LS
0.40 6 15 95.8 4.73 VLS
0.40 A3 15 107.5 5.30 VIS
0.40 3 30 1786.2 88.12 Ms
0.40 2A 30 220.3 10.87 LE
0.40 6A 30 3712.2 183.13 HS
0.40 1 1,5 3268.9 161..-6 HS
0.40 4 45 4878.4 240.67 HS
O.-4 5 45 2739.0 135.1-2 1

(a) Test specimen number indicates position in cascade holder A letter
following the position number indicates a ,eplacement test specimen,
following removal of the initial test specimen.

(b) Mg times 0.049333 = mg/cm.n

(c) See Table 3 for rating system.
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In the evaluation of the hot-corrosion data for Misco MDC-l coated
Inconel 713C (2) the Standard Error of Estimate (SoE.Eo) for the regression
equations varied with the level of hot-corrosion attack. These data have
subsequently been examined (logarithms of weight-loss) using Bartlett's test
for homogeneity of variance (5). A total of 84 specimens representing 30
different combinations of time, sulfur in fuel and sea salt in air were
available for comparisons. For all of the data the mean standard deviation
was 0.316 in terms of logarithms or 107 per cent; however, the test showed
the variance to be non-homogeneous. To further examine the data, an arbitrary
separation was made into two groups on the basis of failure or non-failure
of the coating as indicated by a weight loss of 5.0 mg/cm2 . Data for a cc'n-
dition where one or more of the specimens had a weight loss of more than 5.0
mg/cm2 were placed in the high-weight-loss group (coating failure) and the
remaining data were placed in the low-weight-loss group (no coating failure).
In the high-weight-loss group there were 64 specimens available from 21
combinations of conditions and in the low-weight-loss group there were 20
specimens available from 9 combinations of conditions. Tests of each group
of data indicated homogeneous variance. The mean standard deviation of the
low-weight-loss group of data was 0,068 in terms of logarithms (17 per cent)
and the mean standard deviation for the high-weight-loss group of data was
0.352 in terms of logarithms (125 per cent), These data will aid in the
evaluation of hot-corrosion data from the current program.

In evaluating oxidation with time, many forms of equations have
been proposed and used in the literature to express the relationship. These
forms include linear, cubic, parabolic, and exponential equations depending
upon the system being investigated, In Reference 2 it was shown that Misco
MDC-l and MDC-9 coated Inconel 713C hot-corrosion data were fit by the use
of the exponential growth curve which is commonly used in the form:

w = (A)(B) 1 , (1)

where W is weight loss per unit area, X is exposure time, and A and B are
constants to be evaluated., Applying logarithms to the equation,

log W + log A + (log B) X (2)

or Y =a + bX, (3)

where Y = log W, a = log A, and b = log B. Equation 3 is the equation for a
straight line. The use of this form of equation permits the use of logarithms
of weight loss, which was shown p'-eviously to g.ive uniform variance. Data
that can be fit by Equation 3 showti that the logarithm of weight-loss increases
at a uniform rate over the time-period studied. The slop!, b, of Equation 3
is measured in terms of A logarithms per A- hours, or the ratio of weight losses
per hour (mg/cm2)/(mg/cm2 )/hour or (mg/cm2 )/hour/(mg/cm2 )1 . Thus, b,
is the rela'tive rate of corrosion with units of reciprocal thburs.

1.3
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The weight-loss data for Misco MDC-l coated Mar M-200 specimens

exposed to the three concentrations of sulfur in fuel in the absence of
sea salt in air are shown in Table 1 and are presented graphically in
Figure 3. The data for each concentration of sulfur in fuel were fit to

equations of the form of Equation 3. To evaluate the effect of sulfur in

fuel on hot corrosion the data for the three equations were examined using
an Analysis of Covariance and the analysig is shown in Table 3. From this
analysis it was concluded Lhat there was .o significant difference, at the

95 per cent confidence level, among the relative rates of corrosion for the
three levels of sulfur in fuel; however, there is a significant difference
among the adjusted mean weight losses. To determine which differences were
significant 95 per cent confidence limits fnr differences were calculated
and Qre shown in Table 3. If the confidence limits on a difference do not
include zero the difference is statistically significant.

The adjusted means for the three levels of sulfur in fuel are:

Sulfur
in Fuel, Mean, Geometric Mean,

Slo% m0 /cm 2  mJ/cm2

< 0.0040 0.360787 2.29
0.040 0.435113 2°72
0.40 0.597900 3,96

The differences in log weight loss per unit area for reductions in fuel

sulfur are:

0.40 minus 0.040 wt % = 0,597900 - 0,435113 = 0.162787 *

0.40 minus <0.0040 wt % = 0.597900 - 0.360787 = 0,237113 *

These data indicate a statistically significant reduction in weight-loss
for a reduction in sulfur in fuel from the specification maximum of 0.40
to either 0.040 or < 0,0040 weight per cent salfur. This reduction may be

of little practical significance because of the very low weight losses in

all cases which are only slightly greater than the cleaning losses for new,

unexposed specimens of 1.61 mg/cm2 .

The variability of the data is greater than with previous coating-

alloy systems. The itandard deviation of the data in terms of logarithms

was 0.145 or a percentage standard deviation of 40 per cent, The standard
deviation for the Misco MDC-l coated Inconel 713C low-weight-los- group of

data by comparison was only 0.068 in terms of logarithms or a percentage
standard deviation of 17 per cent of the value.

The weight-loss data for Misco MDC-l coated Mar M-200 specimens

exposed to <0.0040, 0.040, and 0.40 weight per cent sulfur in fuel and 1.0
ppm sea salt in air are shown in Table 2 and are presented graphically in
Figures 4 to 6. The first test at each of the three :oncentrations of sulfur

_- _-
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in fuel (Tests 1, 2, and 6) were conducted as part of the initial program,
It was apparent from inspection of data from Tests 1, 2, and 6 that there
was greater variability of weight-loss data than with other coating-alloy
systems evaluated previously, Additional tests were conducted with the low
and high concentrations of sulfur in fuel ( <0,0040 and 0.40 weight per
cent), In the repeat test.s tne plan for specimen removal was modified, as
shown in Section 10, to provide three specimens at each of three exposure
times (15, 30, and 45 hours). Each specimen was exposed for equal time in
each of the three stages of the cascade to remove any effect of position in
the cascade on metal weight loss. The data from the additional tests also
showed a large variability and operating data for the six tests at the three
levels c4 sulfur in fuel with 10 ppm sea salt were examined carefully for
malfunction of equipment, non-spocification control of variables or other
explanation for the wide spread in weig'ht-loss data. in the absence of any
justification for discarding a portion of the data, all specimens are includ-
ed in the following analysis of the data,

In the second repeat test (Test 1B) with 0.40 weight per cent
sulfur in fuel and l.O ppm sea salt in air a reference specimen of bare
Inconel 713C was mounted at the rear of the cascade and the specimen was re-
placed with a new specimen at each 5-hour period, Thus, nine reference
specimens were available for evaluation of variability from period-to-period
during the test, The weight-loss data for the reference specimen- are shown
in Table 4, The standard deviation of the weight-loss data for the bare
Inconel 713C reference specimens in terms of logarithms was calculated to be
0.298 or a percentage standard deviation of 99 per cent of the value. These
data compare favorably with the data obtained in Reference 1 (0.288 or 94 per
cent) for 5-hour tests with bare alloys and suppori0s the belief that variabil-
ity of weight-loss data in the current program is not a function of test-rig
operation.

The data for each of the three concentrations of sulfur in fuel
with 10 ppm sea salt in air were fit to equations of the form of Equation 3o
An Analysis of Covariance was made of these data and is shown in Table 5.
This analysis showed no significant difference in the relative rates of
corrosion or in the adjusted mean weight losses using a 95 per cent confidence
level° Thus, a single regression equation will express all. of the data. The
lines on Figures 4 to 6 represent a common regression equation.

The standard dc.-4ation of the weight-loss data in terms of
logarithms was 0,557 or a percentage standard deviation of 260 per cent of
the value. This standard deviation is much larger than obtained in Refer-
ence 1 (0.288) or with the high-weight-,loss group of data with MDC-l coated
Inconel 713C (0°352)°

The geometric mean for all weight-loss data with the three con-
centrations of sulfur in fuel in the presence of 1.0 ppm sea salt in air was
192 mg/cm2 o This weight loss is nearly two orders--of-magnitude larger than
for weight losses of specimens exposed in the absence of sea salt in air.
The relative rates of corrosion for the three levels of sulfur in fuel in the

20O
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TABLE 4

WEIGHT-LOSS DATA FOR INCONEL 713C REFERENCE SPECIMNS
(Test 1B)

Test Specimen Weight Loss
Period MR" mg/cmf (a2 l ;R mR/cCm2

1 157.6 14.34 1.156549
2 254.0 23.11 1.363800
3 42.6 3.88 0.588832
4 91.3 8.31 0.919601
5 264.3 24.05 1.381115
6 268.6 24.44 1.388101
7 79.5 7.23 0.859138
8 108.2 9.84 0.992995
9 57.8 5.26 0.720986

Geometric Mean, mg/cm2  11.00
Standard Deviation, log mg/cm2  0.298054
Coefficient of Variation, % 99

(a) Mg times 0.090991 = mg/cm2.

21
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resence of 1.0 ppm sea salt in air (0 035068) is nearly an order of magnitude
iarger than for the data in the absence of sea salt in air (0,004127). From

÷.ese data it can be concluded that sea salt in air is the principal causative
agent for hot corrosion of Kisco MDC-I coated Mar M-200 specimens under these
conditions.

4.3 Metallography

Cross-section coupons from selected specimens of Misco MDC-I coated
Mar M-200 were examined; as detailed in Appendix 1, Section 8 5. of this re-
port. The uniformity and thickness of the aluminum-diffusion coating was
appraised by metallographic examination of several specimens, &s received from
Misco. Similarly, the mode and intensity of corrosive attack was evaluated
following exposure over the range in conditions of this investigation.

In particular, evidence was sought concerning the suspected lack of
uniformity in the coating on unexposed specimens, discussed previously. Also,
the absence of deep-intercrystalline corrosion must be established for the
valid use of loss in weight by the specimen to measure metal damage, as in
the preceding section.

A metallographic cross-section of a satisfactory MDC-l coated Mar
M-200 specimen as received from Misco is shown in Figure 7. The aluminum-
type coating has a total depth of approximately 2 mils, which is divided
about equally between an outer-layer with non-metalliL aispersions and a
diffusion-layer. Unfortunately, the coating thickness varied from approximat-
ely 0.5 to 2.0 mils on the unexposed specimens examined. A typical example
of defective coating is shown in Figure 8. This variability in coating
thickness could easily account for the relatively large experimental error
found with this coating-alhoy system, which was discussed in the preceding
section.

It is not known whether the variability in coating thickness is a
characteristic of the coating-alloy system, or the specific heat of Mar M-200,
or the specific pack of MDC-l. Consultation with Misco revealed that their
experience with the application of MDC-l coating to Mar M-200 was very limited;
however, they felt that the variability in coating thickness was not a char-
acteristic of the coating-alloy system Also, they did not think that it
could be attributed to segregation in alloy composition durirg casting.
Rather, they felt that it probably was the resdt of uneven heating of the
pack during the vapor-coating process This suspicion is based upon the use
of a small-research furnace for coating cur specimens

Field experience by the Navy has indicated that variability in
coating thickness on turbine blades is :t unusual, and is a production
problem. In this light, the data obtained from our investigation with this
coating-alloy system has been treated as a valid sample

Previous experience (2) has shown that the appearance of MDC-l
coating is not altered by the electro-cleaning p,-ocedure used to remove

23
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deposits and scale following exposure, This was confirmed for MDC-l coated
Mar M-200 by metallographic examination of cross-section coupons from several
specimens which had been electro-cleaned,

In those areas where the NDC-I coating remained intact following
exposure, evidence was found of gradual diffusion of the aluminum into the
base alloy. This depletes the diffused-layer, and increases its depth, as
shown in Figure 9. This modification of the coating remnant became in-
creasingly evident with increasing exposure time, but was not favored by
any other exposure variable in this program.

Exposure of Misco MDC-l coated Mar M-200 in an environment free of
sea salt resulted in only slight, uniform, surface oxidation, In some areas
oxide penetration was observed to have progressed into the depleted diffused-
layer of the coating, as shown in Figure 10, A few instances of complete
coating failure were observed, as shown in Figure 11, with surface oxidation
preceded by a limited zone of alloy depletion. It should be noted that in
this environment (2000 F) with the high-sulfur fuel (0.40 wt %) no evidence
was found of sulfide penetration in either the depletad diffused-layer of
the coating (Figure 10) or the depleted alloy (Figure 11), despite oxide
penetration.

With the addition of sea salt, via the air, to this environment,
characteristic hot corrosion was encountered. Typical attack on the MDC-l
coating is shown in Figure 12; with separation of the outer-layer from the
diffused-layer by corrosion products, which frequently resulted in lo3s of
the outer-layer of the coating, Also, penetration of the diffused-lT.yer of
the coating by randomly-dispersed, light-grey, globules of metallic sulfides
was usual, and is evident in Figure 12, The addition of sulfur, via the
fuel, to this environment did not perceptively alter the attack.

In those areas where the MDC-1 coating was penetrated by hot
corrosion, the mode and intensity of attack was similar to that observed on
the bare alloy (I). In general, the attack was less severe on the rear-face
of the specimens, which is shown in Figure 13. The accelerated-oxidation
attack, that is typical of hot corrosion, was evident on the impact-face of
specimens, which is shown in Figure 14 It should be noted that, character-
istically, the attack advances on a broad front without deep-intercrystalline
penetration of sulfides or oxides.

Limited evidence of intercrystalline oxidation, to a depth of up
to 8 mils, was found in a few specimens at the point of flexure from support
by the holder, as shown in Figure 15. This photomicrograph is presented to
illustrate the type of attack which would vitiate the use of loss in weight
by the specimen as a measure of metal damage. However, such intercrystalline
corrosion was not found to be extensive enough under the conditions of our
investigation to be of practical importance.
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Several specimens which had been exposed under comparable conditions,
but differed greatly in weight loss, were examined. No basic differe-aces in
either the coating or base alloy were observed which would explain their
response.

Normally, the corrosive attack experienced by the Misco MDC-l
coated Mar M-200 specimens during this investigation resulted in cnly
shallow penetration of corrosion products, despite the catastrophLc rates of
metal loss encountered in the presence of sea salt. The depth of surface
penetration was usually less than one mil. This serves to justify the use of
the metal-loss data as a valid measurement of the extent of corrosive attack
on this coating-alloy system over the range of conditions investigated.
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5. FUTURE WORK

The effect of sulfur in fuel was found to vary among the various
bare superalloys used in previous programs (1); i.e., a reduction in fuel
sulfur had no effect with some superalloys, and increased hot corrosion with
two superalloys under some conditions. With three coating-alloy systems
in Reference 2 and the current program the effect of sulfur in fuel was
found to increase, decrease or have no effect on hot corrosion.

In previous programs (1) it was found that the effect of sulfur
in fuel on hot corrosion varied with temperature. Statistically significant
decreases in hot corrosion were found with reductions in fuel sulfur at temp-
eratures below the melting point of sodium sulfate (1623 F) with superalloys
that were unaffected by changes in sulfur content at higher temperatures.

To complete the investigation of the effect of sulfur in fuel on
hot corrosion of bare and coated superalloys in a marine environment a number
of coating-alloy systems should be evaluated at one or more temperatures
below the melting point of sodium sulfate. With coated superalloys at the
2000 F test condition it has been necessary to increase exposure time up to
55 hours to obtain sufficient attack of the test specimens for evaluation.
With coating-alloy systems the variability of weight losses in the presence
of sea salt in air has been large and duplicate tests have been required for
evaluation. It is estinated that at lower temperatures the time of exposure
may have to be extended further to provide weight losses for evaluation.

With the number of evaluations required to complete the program
and the time required for each test, productivity with the current six-position
test rig is becoming a problem. To expedite testing for the remainder of
the program a new test. section is being designed for the hot corrosion rig.
The new design will maintain the same capability for operating at high pres-
sure, high temperature, high velocity and realistic stoichiometry as available
with the present test rig. It is anticipated that 48 test specimens will be
arranged in a rotating fixture in the gas stream in such a manner that no
specimen will be in the shadow of another specimen and the specimens will
thus receive uniform exposure. With the revised test fixture it is proposed
to use round test pins as specimens rather than the flat bars used in previous
programs. This should facilitate the use of depth of penocration as well as
weight loss as an evaluation criteria. With the number of specimen locations
available, reference specimens could be used to monitor any variability of
test rig operation during the extended tests.
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8. APPENDIX 1
(Test Equipment)

8.1. Test Facility

Phillips research facility for testing jet fuel, pictured in part
in Figure 16 has been described previously in detail by From (6). Air is
supplied by rotary Fuller compressors and filtered by a Selas Vape-Sorber.
This air is preheated just before it enters the 2-inch combustor testway
by a Thermal Research heat-exchanger. Both fuel and sea water are supplied
by nitrogen pressurization of their respective tanks. A portion of the
metering and automatic control equipment can be seen in Figure 17. Air
flow rates up to 2.0 lb/sec, at inlet air pressures up to 15 atmospheres,
and inlet air temperatures up to 1400 F are attainable.

8.2. Phillips 2-Inch Combustor

A scale diagram of the 2-inch combustor used in Lhis study is
shown in Figure 18. Design details of the combustor are presented in
Table 6. Basically, it embodied the principal features of combustors used
in modern aircraft-turbine engines. It was a straight-through can-type,
combustor with fuel atomization by a single, simplex-type, nozz~'e. The
combustor liner was fabricated from 2-inch, Schedule 40, Inconel pipe, with
added internal deflector skirts for film cooling of surfaces exposed to the
flame.

A scale diagram of the Phillips test rig used in this study of hot
corrosion is shown in Figure 19. Its design permits easy access to the fuel
nozzle, combustor liner, test specimens, etc. The combustor installation was
disassembled, inspected, and reconditioned after every test period.

Four chromel-alumel thermocouples were mounted on equal area centers
at the location indicated in Figure 19, for measurement of exhaust gas temp-
erature. The thermocouples were housed in *-inch diameter Inconel sheaths
for protection.

The sea water injection point was located in the quench zone of
the combustor, as indicated in Figure 19, rather than upstream of the combustor
or in the primary-combustion zone. This avoided a severe corrosion problem
with the combustor liner, &nd also insured exposure of test specimens to the
desired sea salt, concentration. The sea water was divided into two metered
portions and introduced through opposing jets to obtain uniform distribution
of sea water in air by impingment of the jet streams.

The exhaust section was water jacketed to obtain the desired
durability of operation with high-temperature gases.
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TABLE 6

DESIG DETAILS OF PHILLIPS Z-INCH COMBUSTOR

Combustor Configuration Number 15

Fuel Nozzle

Type Simplex (Monarch)
Spray Pattern Semi-Solid Cone (PLP)
Spray Angle, degrees 50

Capacity, gph of No 2 Fuel Oil 0 100 psi 13,8

Combustor Dome
Air Inlet Type Tangential Swirl
Shield Hole Diameter, in. o 625
Total Hole Area, sq. in. 0,307
% Total Combustor Hole Area 8,7

Splash Cooling Air
Hole Diameter, inl. 0.125
Holes/Station 16
Number of Stations 7
Total Number of Holes 112
Total Hole Area, sq. in. 1.374
% Total Combustor Hole Area 38.7

Primary Combustion Air
Hole Diameter, in. 0.250
Total Number of Holes 4
Total Hole Area, sq in. 0.196
% Total Combustor Hole Area 5.5

Secondary Combustion Air
Hole Diameter, in. 0.375
Total Number of Holes 4
Total Hole Area, sq. in. U "42
% Total Combustor Hole Area 12.5

Quench Air
Hole Diameter, in 0.625
Total Number of Holes 4
Total Hole Area, sq. in. 1.227
% Total Coabustor Hole Area 34.6

Total Combustor Hole Area, sq. in. 3.546
% Cross Sectional Area 133-4
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8.3. Specimen Holders

The general location of the specimen hlders in the exhaust gas
from the 2-inch combustor is shown in Figure 19. They are separated from
the 2-inch :ombustor by a 6-inch, water-cooled, spool; and are followed by
another 12-inch, water-cooled, spool prior to quench-water injection. Each
holder accomodates two metal strips, 1/8 by I by 2 3/8 inches, as shown in
Figure 20. Three holders were combined in a cascade, as shown in Figure 21,
with each successive holder rotated 120 degrees to prevent channeling of
the hot-gas flow. A picture of the specimens mounted in the cascade is shown
in Figure 22.

The cross-sectional area of the 2-inch pipe in which the specimen
holders are located is 3.36 square inches; however, the unblocked area in
the specimen holder is only 1.59 square inches. The holders maintain the
specimens at an angle of 45 degrees to the axis of the pipe in which they
are located. This provides for acceleration of the gas flow over the surface
of the specimens, much as over the turbine blading in an actual engine. The

specimens are subjected to appreciable gas-pressure loading while the test
is in progress. it is sufficient to slightly bow Inconel 713C specimens
at the 2000 F test condition, and the effect increases with exposure time.

8.4. Specimen Cleaning

New specimens were cleaned by vapor degreasing with trichloro-
ethylene, using the apparatus shown diagrammatically in Figure 23. Subse-
quently the specimens were handled with degreased stainless-steel tongs.
The initial weight of each test specimen was determined following degreasing.

Following exposure cleaning was necessary to remove the accumula-
tion of surfE-e deposit or scale and to allow for the measurement of metal
loss bZ the •cimen from hot corrosion. An electro-cleaning technique was
used which h.a been described by Shirley (7), Briefly, the elctro-claning
technique consists of immersing the specimens in molten sodium hydroxide at
750 to 790 F with 1/3 amp/,q cm passing through the specimen for a period
of 10 minutes, The specimens were scrubbed with a wire brush during a water
quench, rinsed in acetone, dried, and reweighedo The apparatus used for
electro-cleaning is shown diagrammatically in Figure 24. Pro'isions were
made to permit electro-cleaning, uimultaneously, of six specimens.

Ten minutes of electro-cleaning, which in previous studies was
sufficient to remove all visible scale, did not remove all of the surface
scale or deposits from the specimens of this coating-alloy system and each
specimen was cleaned twice to give a clean surface, For reference each of
six new unexposed Misco MDC-1 coated Mar M-200 test specimens were cleaned
twice and the geometric mean weight loss for the six specimens was 1.61
mg/cm2 with a coefficient of variation of 30 per cent. This level of
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FIGURE 22
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cleaning-loss with unexposed specimens approximates the weight--loss obtained
by extrapolation of the curves shown in Figures 3-6 to zero hours of expo-
sure. It compares with the cleaning-loss for unexposed Misco MDC-I coated
Inconel 713C specimens which averaged 1.2 mg/cm2 , but which were cleaned
only once (2).

8.5. Specimen Examination

Following exposure, cleaning,and determination of weight-loss, the
specimens were visually inspected. The system used for obtaining visual
ratings is shown in Table 7; and the photographic standards used for rating
surface and edge attack on the specimers are shown in Figures 25 and 26,
respectively. The visual ratings are reported along with the weight-loss
data.

Subsequently, speciriens were chosen from each test for further
metallographic examination, The selection was made to allow study of the
effect of long-time exposure on the coating-alloy system at the 2000 F test
condition, as well as changes in the concentration of corrosive agents which
characterized the six different tests. This included Misco MDC-I coaL,.d
Mar M-200 specimens which had been exposed for 50 hours, if available, and
in some cases at other exposure times where visual inspection indicated an
unusual change in the mode or intensity of attack.

Each specimen was sectioned in three places, with one section at
the point of mAximum visible attack, The three pieces were placed in a 1-inch
red Bakelite mold with the coupon of most intereet (maximum attack) in the
center. This arrangement aided in obtaining a flat surface during polishing.
The following eight step technique was used to polish the coupons.

(a) Dry ground on an 8"t, 60 grit Carbimet disc turned at 570 rpm.
(b) Dry ground on an 8", 120 grit Carbimet disc turned at 570 rpm.
(c) Dry ground on an 8P, 180 grit Carbimet disc turned at 570 rpm.
(d) Dry ground on an 8", 240 grit Carbimet disc turned at 570 rpm.
(e) Hand lapped, wet, on 240 grit silicon carbide paper.
(f) Hand lapped, wet, on 320 grit silicon carbide paper.
(g) Hand lapped, wet, on 400 grit silicon carbide paper.
(h) Hand lapped, wet, on 600 grit silicon carbide paper.
(i) 6-micron diamond praste on nylon lap with polishing oil.
(J) AB micro cloth with Linde B polishing compound.

Polishing was done in one direction. The edge of most interest was kept on
the back side while polishing, so the polishing motion is across the coupons
toward the edge to be kept flat.
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TAHLE 7

SYSTEM FOR VISUAL ATDIG OF ATTACK ON COATED TEST SPECDIS

Rating Rating
Severity of Attack Code UlUe

None N 10
Very Light VL 8
Light L 6
Medium M 4
Heavy H 2

Natur. of Attack

Surface S
Edge E

Condition of Specimen

Surface Cracks C

Example:

VUS = Very Light Surface Attack
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In general, the attack was most evident on the impact surface of
the specimens, as expected, because it had maximum exposure to the corrosive
agents. :hotomicrographs showing typical attack on the specimens were taken
there at both 500 X and 2000 X, and in some cases at other locations and
magnifications. Coupons were frequently etched to show areas of alloy deple-
tion and grain structure. It is considered neither necessary nor desirable
to reproduce in this report the eighty-one photomicrographs taken during our
metallographic examination. RIather, typical photomicrographs are presented
to illustrate the nature of the attack experienced by the coating and base
alloy over the range of conditions investigated.
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9. APPENDIX 2
(Test Materials)

9.1. Test Fuels

9.1.1. Sulfur in JP-5

The sulfur content of 197 samples of grade JP-5 aviation turbine
fuel, representative of domestic and foreign purchases by the United States
Navy from September 1966 to February 1967 had a median value of 0.04 weight
per cent. The cu~mulative distributions for West Coast, East and Gulf Coasts,
foreign, and total are shown in Figure 27. These data indicate that a
substantial, order-of-magnitude, reduction in the sulfur limit for JP-5 fuel
could drastically curtail availability, unless accompanied by incentives for
modernization of manufacturing techniques.

In previcus investigations (1) three fuels were usod having
successive, order-of-magnitude, reductions in sulfur concentration,
starting at the JP-5 sulfur limit; i.e., 0.40, 0.040, and <0.OOO weight
per cent sulfur. These three levels of sulfur concentration span ths range
for samples in the survey, with the intermediate level of 0.040 weight per
cent at the median value. It was decided that the current investigation
would be conducted using the same three sulfur concentrations in fuel.

9.1.2. Base Fuel

The base fuel selected for use in this investigation was a
segregated sample of production ASTM Type A aviation-turbine fuel. The
physical and chemical properties of interest to this investigation are pre-
sented in Table 8. The average values of pertinent properties from the
Bureau of Mines Product Survey (8) over the period of the past ten years
are also shown for grade JP-5 aviation turbine fuel. The physical and
chemical properties of the base fuel closely approximate the average for
JP-5, with the exception of its very low sulfur content. The base fuel
also was analyzed for metal content, to be certain that its iron, vanadium,
nickel, and copper contents were negligible; if present, they would con-
centrate as ash and might alter the scale composition on the test specimens

exposed to the exhaust gases.

The base fuel is essentially free of sulfur, containing less than
0.0040 weight per cent. Two fuels of higher sulfur contents were produced
by blending to 0.040 and 0.40 per cent by weight of sulfur using ditertiary
butyl disulfide.

9.2. Sea Water

9.2.1. Composition

A synthetic sea water was used in this study, Its formulation was
taken from the Standard Method of Test for Rust-Preventing Characteristics

55



RESEARCH DIVISION REPORT 4793-67R

APPENDIX 2

-SPECIFICATION MAXIMUM

0.4 iI I I II I I

0,4

0.2

0.1 _ / /
W E S T C O A S T -O T A L *1 

0 
-

0 0.04[

/~FOREIGN

0.02 10i

EAST & GULF COAST

0.01 ___

0.004 ___ __! I I I I I

020 ,40 60 80 100
CUý,IMULAT IVE DISTRIBUTION,

FIGURE 27

SULFUR CONTENT OF JP-5 FUEL PURCHASES
(SEPTEMBER 1966- FEBRJARY 1967)

56



Research Division Report 4793-67R
Appendix 2

TABLE 8

PHYCICAL AND CHEMICAL PROPERTIES OF TEST FUEL

LFU t Average

Distillation Temperature, F

Initial Boiling Point 326
5 volume per cent evaporated 352

10 volume per cent evaporated 357
20 volume per cent evaporated 358 382
30 volume per cent evaporated 377 ...
40 volume per cent evaporated 388 ...
50 volume per cent evaporated 398 413
60 volume per cent evaporated 410
70 volume per cent evaporated 423 .o.
80 volume per cent evaporated 438 ..
90 volume per cent evaporated 457 455
95 voluime per cent evaporated 473 ...
End Point 493 ..

Gravity, degrees API 45.9 41.9
Gum, milligrams per 100 mls. 0.5 1.1
Smoke Point, millimeter3 26.2 22.6
Hydrogen Content, weight per cent 14.0 13.6

Composition, weight per cent
Sulfur < 0.0040 (c) 0.103
Metals

Iron (d) < 0.0001
Vanadium (d) < 0o0002 ..
Nickel (d," < 0.0001 ...
Copper (e) 0-0000037 ...

Hydrocarbon Types volume per cent
Normal Paraffins 27 (f) ...
Isoparaffins 23 (f)
Cycloparaffins 36 (f)
Olefins 0.33 1.6

Aromatics 13.37 15.1

Notes:

(a) Segregsted sample (BJ66-8-G7) of production ASTM Type A aviation
turbine fuel, processed from West Texas crude and finished by
hydrotreating.

(b) U. S. Bureau of Mines Petroleum Product Survey, 1957 - 1966 (8).
(c) Higher sulfur content test futl obtained by blending to desired sulfur

level using ditertiary butyl disulfide.
(e) Spectro-photometric analysis.
(f) Typical value for this product.
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of Steam-Turbine Oil in the Presence of Water, ASTM Designation D-665-60.
The components and their concentrations are shown in Table 9,

As discussed in Reference 1, the abundance of various elements
in the synthetic formula compares very favorably with the average sea
water composition. The one exception is silicon, and its exclusion from
the synthetic sea water seems justified in the liDit of its reported varia-
tion in abundance from one water-mass to another by a factor of 1000, or
more.

9.2.2o Yýngestion Rate

As discussed in Reference 1, establishing a realistic level
for the concentration of sea salt in the air ingested by a gas-turbine
engine operating in a marine environment is difficult from available
literature, However, it was concluded that an ingestion rate of 1.0 ppm
sea salt in air was a realistic level, Two concentrations of sea salt
1-n air (zero and 1.0 ppm sea salt in air) were selected for use in the
current investigation.

9.3. Test Specimens

Previous studies (1,2) have been conducted to investigate the
effect of sulfur in fuel on hot corrosion of bare and coated superalloys
in a marine environment. In Reference 1, using 5-hour tests, five super-
alloys and oý of the superalloys with a coating were included in the
evaluation. it was found that a reduction in fuel. sulfur by an order of
magnitude (0.40 to 00o0 weight per cent) did not significantly reduce
hot corrosion of a single alloy and with two superalloys under some con-
ditions metal loss increased. The one coated superalloy (Misco MDC-1
on Inconel 7130) was immune to attack under all conditions of test. In
Reference 2, using extended tests of up to 55-hours, with two coating alloy
systems (Misco MDC-1 and MDC-9 on Inconel 713C) in the investigation
it was found that an order of magnitude (0.40 to 0.040 weight per cent)
reduction in fuel sulfur did not reduce hot corrosion significantly. It
was concluded that a reduction in the spedfication maximum for fuel sulfur
to reduce hot corrosion was not indicated on the basis of the bare and
coated superalloys evaluated; however, it was recommended that add'tional
coating-alloy systems be included in the evaluation.

In Reference 1, Inconel 713C (the base alloy for coatings in
Reference 2) was not affected by a reduction in fuel sulfur while Mar
M-200 was a superalloy that showed an increase in hot corrosion with a
reduction in fuel sulfur. It was decided to select as a coating-alloy
system for the current investigation a coating previoasly evaluated
(Misco MDC-l) and use a base alloy that had shown a difference in perform-
ance in the bare condition. Therefore, the coating alloy system selected
for use in the current investigation was Misco MDC-l coated Mar M-200.
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TABLE 9

COMPOSITION OF ASTM D665 SYNTHETIC SEA WATER

Salt (a) Forrtmla Grams per liter (b)

Sodium Chloride NaCl 24.54
Magnesium Chloride MgCl 6H 0 11.10
Sodium Sulfate Naea 2 4.09
Calcium Chloride Ca124 1.16
Potassium Chloride KEl 0.69
Sodium Bicarbonate NaHCO03 0.20
Potassium Bromide KBr 0.10
Boric Acid H3CBO 0.03
Strontium Chloride SrC1 2 '6H 2 0 0.04
Sodium Fluoride NaF 0.003

TOTAL 41.953

(a) Use cp chemicals.

(b) Use distilled water.
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The Mar M-200 test specimens for this investigation were cast
by the Misco Division, Ho-wmet Corporation. Th6 chemical analysis furnishedby t. SUPar for the heat from which the specimens were cast is shown:.n Table 10.

Th3 Misco MDC-l coating was applied by the supplier to test
specimens for Mar M-200. The coating-superalloy system is characterized
by the following description.

MDC-1 is an aluminum coating, which was applied by a pack-
diffusion process to obtain a total thickness of approximately
2 mils. It is divided about equally letween an outer layer
which contains non-metallic dispersions, and a diffused zone.

The investment castings of Mar M-200 were finished by the
supplier by grinding to provide specimens having a smooth uniform surface
with a thickness of 0.125 + 0.005 inches, a width of 0.500 ± 0.030 inches
and a length of 2.375 + 0.030 inches. The specimens were inspected by
fluorescent penetrant TZyglo) and X-ray to insure freedom from cracks,
porosity and inclusions.

From physical measurementb of a random sample of specimens the
average surface area was calculated to be 20.27 square centimeters. From
a random sample of Misco MDC-1 coated Mar M-200 speciTons the average
specimen weight was determined to be 20,915 mg.

Variability of weight-loss data with Misco MDC-1 coated Mar M-200
specimens in the current program was larger than experienced with coating-
alloy systems tested previously. To obtain an estimate of repeatability
of weight-loss data for comparison with data obtained previously, reference
specimens were mounted at the rear of the cascade during one test with
O4 weight per cent sulfur in fuel and 1.0 ppm sea salt in air. A new
reference specimen was installed at each 5-hour period to give nine speci-
mens for evaluation of variance.

Bare Inconel 713C specimens used in previous investigations (1, 2)
had shown considerable loss of weight in a 5-hour peri.od and, since
specimens were available, Inconel 713C was selected as the reference
material. Investment cast Inconel 713C specimens from Misco heat No.
HW072 (2) were cut longitudinally to provide specimens with nominal dimen-
sions of 1/8 inch thickness, 1/4 inch width and 2 3/8 inch length. The
average surface area was calculated from physical measuý-ements of the
specinens tc be 10.Q9 square centimeters.
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TABLE 10

COMPOSITION OF MAR M-M00 INVESTMET CAST TEST SPECIMENS

Chemical Analysis,
Alloying Elements Per Cent (a)

Nickel Balance
(60.1)

Cobalt U .1
Chromium 9.07
Molybdenum ...
Tungsten 12.2
Aluminum 4.92
Titanium 2.05
Manganese 0.2
Iron 0.19
Zirconium 0.042
Vanadium ...
Silicon 0.05
Boron m.016
Sulfur 0.005
Carbon 0.15
Phosphorus ...
Copper 0.1
Cb + Ta ...
Cb 1.10

(a) Misco Heat Number RL088
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10. APPENDIX
(Test Program)

Previous tests (1) have shown that Misco MDC-l coating on Inconel
713C was imaune to attack in the standard 5-hour test over a range of temp-
eratures and concentrations of sea salt in air and sulfur in fuel. However,
it was shown (9) that test seterity could be increased to the point of
coating failure by extending .he duration of the tests. Evaluation of two
coating-alloy systems (Misco MDC-l and MDC-9 on Inconel 713C) have been
completed (2) which show one case where a reduction of sulfur in fuel from
the present limit to 0.04 weight per cent significantly decreased hot
corrosion, and another case where the attack was significantly incý,eased.
The objective of this experiment was to extend the evaluation of the effect
of sulfur in fuel on hot corrosion in a mar.ne environment to another coat-
ing-alloy system (Misco MDC-l on Mar M-200).

The Phillips Test Facility and the Phillips 2-inch Combustor used
for these experiments are described in Section 8.1. and 8.2. of Appendix. 1.
The 2000 F test condition was selected from previous studies (1), and is
described in Table 11. Preparation of specimens for weighing, before and
after exposure, is described in Section 8.4. of Appendix 1. The composition
of the fuel used for this experiment is described in Section 9.1. of Appendix
2, composition of the synthetic sea water in Section 9.2., and composition
of test specimens in Section 9.3.

In all tests the three stages of the cabcade (Figure 21) were
loaded with six new specimens prior to the start of a test. The cyclic
test was operated in periods of 5-hours with the fuel nozzle, combustor
dome and liner, sea water injection tubes and test specimens examined at
the end of each period. The test plan for exposure variables is shown in
Table 12. The basic plan for the experiment consisted of removal of one
test specimen, with replacement, at each 5-hour period for the first five
periods and then continuing the test to 55 hours, or until visual inspection
of the specimens indicated heuvy attack and the possible loss of a specimen
with further exposure to the hot gases. To minimize any effect of position
in the cascade, a system of rotation cf the position of specimens was used
where the specimen holder in the first stage of the cascade was moved to
the third stage and the other two holders advanced one position at each
five hour interval. The order of specimen removal is shown in Table 13.
The scatter of weight-loss data in the presence of 1.0 ppm sea salt in air
was greater than expected and additional tests were conductod with < 0.0040
and 0.40 weight per cent sulfur in fuel and 1.0 ppm sea salt in air. The
plan for specimen removal was revised for the additional tests to provide
for removal of specimens with 15, 30, or '5 hours of exposure and thus
equal exposure time in each of the three stages of the cascade. With the
revised schedule of specimen removal three specimens were available at
each of the three periods of exposure and provided a better esticte of
experimental error than with the previous schedule. The revised plan for
specimen removal is shown in Table iK.
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TABLE-11

OPERATING CONDITIONS FOR PHILIPS 2-INCH COMBUSTOR

Test Variables Test Conditione

Temperature, deg. F
Nominal Gas 2000
Exhaust Gas (a) 2039
Test Specimen, metal (b) 1970
Test Specimen, surface (c) 2074
Combustor Inlet Air 1000

Pressure, atmospheres
Combustor Inlet Air 15

Mass Flow Rate, Pounds per hour
Air 7200
Fuel 120

Air-Fuel Ratic 60

Flow Velocity, feet per second
at Test Specimen (d) 745

Test Duration, hours (e) Varied

Notes:

(a) Values calculated using mean specific heats (10) for 100 per cent
combustion efficiency. These values are confirmed by linear regres-
sion with measured temperatures in Appendix I of Reference 1.

(b) Calculated mean value Crom thermocouple measurements of strip temperature
vs calcl'ated gas temperature in Appendix I of Reference I

(c) Calculated mean valie from optical pyrometer readings vs calculated
gas temperatur!3 shown in Appendix I of Reference 1.

(d) Calculated value oased on unblocked area in specimen holder of
1.59 square inches.

(e) Operating cycle was 55 minutes at tes' conditions followed by 5 minutes
with fuel off.
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TABLE 12

TEST PLA FOR F=OS URE VA.RIA@E

Sulfur Sea Salt Order
in Fuel, in Air, of

Id IDDMTe st

( 0.0040 0 5
< 0.0040 1.0 2

0.040 0 4
0.04C 1.0 6

0.40 0 3
0.40 1.0 1
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TBLE 13

ORDER OF TEST SPECIMNF REMOVAL

Test
Test Time, Test Specimen Location

Period Hours 1 23 5- _ 6

1 5 15 (25) 35 45 55 65
2 10 (310) 41 51 61 1i0 25

20 10 ~ i10 .1. 5
3 15 515 (615) 115 210 35 15

4 20 (U20) 215 420 520 65

5 25 315 (4 25 oi0 15 220

6 30 530 615 1-0 225 320 45

7 35 115 230 325 410 535 620

8 40 330 415 540 625 120 235

9 45 5 630 125 240 335 420

10 50 130 245 30 425 550 635

11 55 345 430 555 640 135 250

Notes:

( ) Remove test specimen and replace with new test specimen.
Terminate test when failure of a specimen appears imminent,
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TABLE 1ý

REVISED PJA FOR ORDER OF TEST SPEGDM REMOVAL

CASCADE POSITION
Test 1 2 3,

Test Time, T;-st Specimen location
Period hours 1 5 6

- -2- -1-

1 5 15 2 5 35 45 5 5 6 5

2 10 310 410 51C, 6 10 110 210

3 15 515 (615) 115 (215) 315 415

4 20 1 2 3 420 5 620 50 20 20 5
425 - 610 125 210

5 25 325 '25

6 30 530 30 215 (330) 4 30

7 35 'D5 22C 35 435 535 620

8 40 3 440 540 6 1 210 25 40 25

9 L5 5 6 1 23() 31545 30 45 445

Remove specimen &,nd replace with new specimen.
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For one teat, a reference specimen of bare Inconel 713C was

mounted at the rear of the cascade. This specimen was replaced with a new

specimen at the end of each 5-hour period to provide nine specimens for

evaluation of test rig repeatability.
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